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A coal-derived sodium humate (HANa) was found to stimulate root growth of wheat seedlings ( TriUcum aestivum L). A 
study of possible modes of action of HANa showed that (i) by che lating ou t ferrous iron, HAN a sequestered a key 
participant from the reaction whereby proline is hydroxylated to hydroxyproline, resu lting in significantly less 
hydroxyproline being formed in the cell walls of roots treated with HANa, and that (ii) HANa inhibited the activity of 
peroxidase and 1M oxidase, the inh ib.ition of peroxidase being of the uncompetitive type. Since these effects have 
implications for the ability of root cells to undergo extension, it is proposed that they provide explanations for the 
stimulatory effect of HANa on growth. 
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Introduction 
There is a large body of literature, spanning many decades, 
which cites the well-known beneficial effects of soil-derived 
humic substances (HA ) on the growth of plants (Sladky 1959; 
Rauthan & Schnitzer 1981; Malik & Azam 1985; Vaughan & 
Malcolm 1985). Sodium humate (HANa) obtained from the oxi-
dation of bituminous coal (Dekker e( al. 1990) has been found to 
exhibit species-specific growth stimulatory effects similar to 
those of soil-derived humates (van de Venter e( al. 199 1). It was 
the ai m of this study to investigate poss ib le modes of action of 
HANa. 
The assumption was made that the enhanced growth is, as with 
soil-de ri ved humates, due to an increase in the size of the cells 
(Vaughan 1974), as opposed to an increase in the number of 
ce ll s. This enlargement involves a stretching or a loosening of 
the wall already present, as well as the synthesis of new wall 
malerials (Cleland 197 1). Each cell wall extension step involves 
a biochemical modification of wall components in addition to a 
physical extension. In an attempt to elucidate a possible mode of 
action for HANa, attention was focused on the biochemical 
modification . 
Carp ita and Gibeaut (1993) and Talbott and Ray (1992) have 
comprehensively described current models of the organization of 
polymers in primary plant cell walls . The essential features of 
plant walls , as they relate to an understanding of how HANa 
might influence extension, are the following: 
I) They contain microfibrils coated with non-cellulosic polysac-
charides , such as xyloglucans. A proportion of these polysaccha-
rides are hydrogen-bonded to the surfaces of cellulose 
microfibrils, and, by virtue of their length, are able to interact 
with surfaces of more than one microfibril and so act as an 
adhesive between them. 
2) Within the matrix there are other less well-defined hydro-
gen-bond ing possibilities between component polysaccharides, 
as well as possibilities for ionic and salt interactions between 
polysaccharides, proteins, and one another (liyama et af. 1994). 
3) The notional possibilities for direct covalent cross- linking 
within and between structural wall proteins are quite extensive, 
with the isodityrosine (IDT) intra- and intermolecular cross-link 
between hydroxyproline-rich proteins (extensin) well established 
(Fry 1986). The IDT linkage is believed to be created by a 
perox idase~cata l ysed reaction in muro (Fry 1982). 
4) A phenolic structure associated with the cell wall , lignin, 
forms covalent cross-links with carbohydrates and proteins 
containing Hyp as it polymerizes (Bacic e( al. 1988; Lam el al. 
1992). The formation of diferulic acid, the polymerizat ion of 
lignin and the above-mentioned cross-links are all mediated by 
peroxidase (Hart ley & Jones 1976; Whitmore 1978a, b). 
The re-arrangements that occur during wall loosening that pre-
cede and/or accompany growth, involve hydrolysis of the bonds 
responsible for the rigidity of the ce ll wal l. Matrix polymers 
must then be selectively cut to allow expansion. This biochemi-
cal process is usually mediated by specific enzymes, and there is 
strong evidence that the act ivity and synthesis is auxin-mediated 
(Ray 1962). 
It seemed reasonable to assume that if HANa were to have a 
significant effect on cell-wall loosening, it must do so by influ-
encing both the synthesis of wall components, and the enzymes 
responsible for the cleavage of load-bearing bonds in the wal l. 
The following possible modes of HANa action were, therefore, 
investigated (Figure I): 
I) A possible inhibition of Hyp synthesis. Less Hyp present 
would result in fewer extensin molecules being formed, with 
direct implications for the extensin network, cross-links with 
cetlulose micro-fibrils and protein-lignin cross-links. 
2) A possible inhibition of peroxidase activity. Any changes in 
peroxidase activity must have a resultant effect on the structures 
and cross-links that involve peroxidase in their synthesis 
reactions. 
3) A possible inhibition of IAA-oxidase. In every case thus far 
examined where auxin increases the growth rate of plants, it also 
causes an increase in wa ll extensibility (Cleland 1981). Any 
changes in the level of auxin in the plant ce ll must" necessarily 
have a concurrent effect on wall extensibility. 
The complexity of ce ll walls suggests that plant cells possess 
more than one mechanism for extending their walls, and it was 
possible, therefore, that HANa could have more than j ust a single 
mode of operation. 
Materials and Methods 
The study was conducted with roots of wheat (Triticum aeslilmm L., 
cv. Betta) seedlings. Growth is defined as an increase in length. The 
sodium humate fraction of the bituminous coal-derived humate (pH 
= 7.0) at 1000 mg I-I, was used throughout. Preliminary studies elim-
inated the possibility that growth was due to the sodium content of 
HANa (Koning 1993). 
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Figure I Schematic representation of the relationships between cell wall components and the possible sites of humate influence (HA), 
developed from a review of literature. Asterisks represent areas of possible inhibitory action. 
Biotests 
A biotest on the roots of wheat seedlings was used to test the stimu-
latory effect of HANa. The biotest consisted of four replicates of 15 
germinated seedlings in a 90 mm Petri-dish lined with two sheets of 
filter paper. Each Petri-dish was supplied with 10 ml of water (con-
trol) or an aqueous solution of HANa (applied directly after radicle 
emergence). The seedlings were incubated at 20°C in the dark for 
four days, after which the lengths of primary roots were measured. 
Ferrous iron biotests 
In addition to the control and treatments with HANa described 
above, ferrous iron (75 J.lM); ferrous iron (50 11M) + Pro (10 IlM) 
and ferrous iron (75 IlM) + HANa were applied as treatments to the 
wheat seedlings. 
Cell wall extractions 
Of the total Hyp found in the cells of higher plants, 95% is found in 
the cell-wall fraction (Golan-Goldhirsch ef al. 1990). A preliminary 
free amino~acid extraction. using an ion~exchange Dowex SOW col~ 
umn to absorb amino acids from an aqueous extract, confirmed that 
the Hyp was completely wall~bound. To determine Hyp content. the 
walls were extracted according to the method used by Fry (1988): To 
20 g of fresh weight (obtained by treating the seedlings as in the bio~ 
tests, and then harvesting the roots of both the control and those 
treated with HANa), 200 ml ice-cold 70% ethanol was added. 
The tissue was homogenized using five one~minute bursts of an 
Ultraturrax homogenizer. The crude extract was cooled to O°C 
between each burst. The suspension was then stirred at O°C for sev-
eral hours. The alcohol~insoluble residue was collected on a filter, 
and washed with several 100 m! aliquots of 70% ethanol. The final 
residue was washed several times with 100% acetone, air-dried. and 
stored in a tightly s toppered bottle to prevent water uptake. 
Isolation of hydroxyproline by alkaline hydrolysis 
The method of Lamport (1984) was med, with modificntions: Ce ll 
walls (50 mg), as prepared above, were suspended in 5 ml of satu~ 
rated 0.18 M Ba(OHh. The tube was tlushed with N2, sealed, and 
incubated at 110°C for five hours. Aller cooling, 25 III of 1% bro~ 
mothymol blue was added , and CO2 gas was bubbled through the 
suspension until the colour of the mixture changed to, and remained, 
yellow. It was then frozen, thawed, and centrifuged (10 minutes at 
3000 g) to pellet the cellulosic residue and BaCO}. The clear super~ 
natant was harvested. The pellet was re~suspended in I ml \vater, the 
centrifugation was repeated and the supernatants combined and con~ 
centrated to a tinal volume of 6.5 mL The Hyp concentration \vas 
determined calorimetrically. 
Hydroxyproline standard curve 
The method of Kivirikko and Liesmaa t 1959) was used. The fo llow-
ing solutions were prepared: A. 180 pi bromine dissolved in 50 ml of 
ice~cold 1.25 M NaOH and stored at 4°C for three days to t\VO 
months. B. 16% Na2S03' C. 5% p~dimethy l amjnobenzaldehyde in 
propan~l~ol. D. 6 M HC!. To 300 ).11 of icc-cold aqueous sample 
(containing 0.1-2,0 ).1g hydroxyproline) 300 ).11 of ice-cold A was 
added, vigorously shaken, and incubated at O°C for three to ten min~ 
utes. With the sample still on icc, IS III of 16% Na2S0} was added, 
and the mixture shaken; 300 III of 5% p~dimethylaminobenzal dc­
hyde in propan~l~ol was added, and the mixture shaken again; 150 
III of 6 M HCl was added, and a final shake \vas given. It was then 
incubated for two and a half minutes at 95°C in a water bath, after 
which the absorbance at 560 nm \vas measured. 
Determination of "C-Hydroxyproline 
In addi tion to the usual treatments (as for biotests), the seedlings 
were supplied with un iformly labelled 14C_Pro (5 mCi ~lM- I ) , of 
which each Petri~dish n:ceived 50 IlCi. The methods for cd l ~wa!l 
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Figure 2 The effect of the inclusion of ferrous iron (75 ).1M) in the 
sodium humate treatment, and ferrou s iron + proline, when 
compared to that of sodium humate alone, on the growth of roots of 
wheat seedlings. 
extraction and Hyp isolation as al ready described were followed, and 
the samples were concentrated to 0.5 ml. An aliquot of the concen-
trate (200 I.d) was analysed using thin layer chromatographic (TLe) 
cellulose plates (Merck), and run for six hours together with stand-
ards (100 mg Pro or Hyp in 10 ml H,O) with butanol:acetic 
acid:water (12:3 :5) as eluant and developed with 0 .1% ninhydrin in 
95% ethanol. 
The same procedure as above was repeated with the filtrate from 
the cell-wall fraction (representing the cytoplasmic fraction of the 
cell). The Pro and Hyp bands were scraped off the cell-wall fraction 
chromatogram, and Pro was scraped off the filtrate chromatogram 
(established previously that filtrate contains no Hyp). The scraped 
samples were suspended in water so as to disso lve Pro and Hyp, and 
the cellulose filtered off. The filtrate was concentrated to 5 ml , of 
which 0.5 ml was added to 6.5 ml scintillator cocktai l fluid (Ready 
Gel), and the radioactivity determined (with correction for 
quenching) using a liquid scintillation counter (Beckman). 
Peroxidase extraction 
Th< method used was that of Mittal and Dubey (1991), with modifi-
cations: Fresh samples of wheat roots, grown as for the biotests, 
were harvested from four-day old seedlings. The roots (200 mg) 
were homogenized with 5 ml of cold 0.05 M Na-phosphate buffer 
(pH 7.0) on ice. The homogenates were centrifuged at 25700g for IS 
minutes and the supernatants used for enzyme assaying. The assay 
was carried out within five hours of collection of the sample, as 
recommended by Putter (1975). 
Peroxidase activity 
Peroxidase activi ty was assayed according to the method of Egley et 
01. ( 1983) with modifications: The assay mixture in a total volume of 
5 1111 contained 40 mM Na-phosphate buffer (pH 6 .1). 2 mM H20 2 
and 9 mM guaiacol. After the addition of 0.05 ml of enzyme extract, 
the increase in absorbance was measured at 420 nm at 30 second 
intervals for 2 minutes. Peroxidase activity was expressed as Am 
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Table 1 The effect of HANa on the synthesis of 
hydroxyproline and on the activity of peroxidase found in 
the roots of wheat seedlings 
Treatment 
Control HANa LSD T 
Hydroxyproline (nnlOl g-I) 2.60 2.05 017 
Decays per miulHc 181 11 1333 1222 
Peroxidase activity (A min · 1 g.1 rW) 2.6H 1.&9 0.20 
Prote in (pg g .1 nV) 65.0 65.0 <US 
min·1 g-1 fresh wc::i ght (the products have unknO\vn c:-;tinclion 
coefficients). 
Protein content 
Protein content Wa'i de termine::d according to the method of Bradford 
(1976). 
Kinetic studies 
The peroxidase activity of the root t:xtracts was assayed both IfI vitro 
and in vivo with od iani sid ine as substmte (concentration mllge:: of 
0.05-0.30 mM). The terms in vitro and ill vivo are used to di stin-
guish between assays where the effect of HAN a was tested by add-
ing HANa to the seedling growing medium (m vivo) and those where:: 
HAND. was added directly to the assay mi:-;ture instead (/11 I'itro). 
1M-oxidase assay 
The assay used was that of Pressey ( 19l)O). The oxidation of lAA 
was determined by measuring thl! residual IAA in reaction mixtures 
using the Salkowski reagent. wh ich included the follow ing: 15 ml of 
0.5 M FeC13_ 500 1111 H20 and 300 III I concentrated H!SO-,. The 
assay solutions consisted of 0.2 ml oro. I tv! snd ium acetate (pH 4.5). 
0.3 ml of I mM IAA, and 0.1 ml of enzyme solu tion (from root 
extract). After 5.5 minutes at 30°C, 2.0 ml of Salkowski reagent was 
added. The absorbance at 525 11111 was determined after storing the 
samples for 30 minut~s in the dark. Absorbance readings were con-
verted to ~lmol of residual IAA. using a standard curve for lAA. The 
HANa concentration range was 5-20 mg 1. 1• 
Statistical analyses 
Biotest data were subjected to analyse::s of variance (one way) and 
least significant differences (LSD) at P = 0.05 were calculated 
according to Tukt:y (S tee l & Torrie 1960). For each experiment. four 
repl icates ' .... ere used. ex(;ept for the ini tial biotest. which used ten . 
All data listed in Table I are the averages of seven experiments. 
Results and Discussion 
Biotests 
Roots treated with HANa were highly significantly (P = 0.0 I ) 
longer than those of the control (control = 53 mm vs HANa = 77 
mm. LSDr == 4.4). The enhanced growth e ffect was not due to the 
sodium in HAN a (Koning 1993). 
Inhibition of Hyp formation 
HANa is known to form complexes with iron (personal comm u-
nication: S. Lotz. Chemistry Department. University of Pretoria, 
1993), and if it were to do so within the in tact plant, it ,,\-'ou ld 
effectively remove ferrous iron from a key biochemical process 
required for Hyp to be hydroxylated from Pro (Yip 1964 ). The 
ferrous iron biotests served as a rough confirmation of this 
hypothesis (Figure 2). By feeding both fe rrous iron + Pro 
together to the seedlings, two important constituents for Hyp and 
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Figure 3 The effect of sodium humate (in vitro) on the enzyme 
reaction kinetics of wheat root peroxidase activity, with 
o-dianisidine as substrate. 
subsequent extensin synthesis were being supplied, and indeed, 
the roots when measured were even shorter than those of the con-
trol. When ferrous iron + HANa were applied to the seedlings, 
there was no difference in growth - it was assumed the chelation 
effect of HANa was thereby effectively negated by the addition 
of ferrous iron. 
The Hyp content of the cell-wall fractions of foots treated with 
HANa was found to be significantly less than that of the control 
(Table 1). These results were repeated in the significantly lower 
amounts of radioactivity detected in the cell-wall extracts of 
roots which had received both 14C_Pro and HANa. Since the wall 
fraction did not contain any Pro, and since none of the other cell 
wall components are formed directly from proline (Fry 19881, all 
radioactivity detected in the wall extracts could be attributed to 
labelled Hyp. When expressed as ratios of "C-Pro from the cyto-
plasmic fraction vs "C-Hyp incorporated into the cell wall (1 :0.8 
and I :OJ for control and treatment respectively) it appeared that 
significantly less Pro is hydroxylated in the roots in the presence 
ofHANa. Given the structural importance ofHyp to the extensin 
molecule and the fact that most of the crosslinks formed with 
extensin are via Hyp, this line of evidence suggests that by 
removing the necessary ferrous irons, HANa inhibits the amount 
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Figure 4 The effect of sodium humate (in vivo) on the enzyme 
reaction kinetics of wheat root peroxidase activity, with 
o-dianisidine as substrate. 
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Figure 5 The inhibitory action of sodium humate (in vitro) on 
the activity of IAA-oxidase found in the roots of wheat seedl ings. 
as reflected in thc disappearance of IAA (Jlg ml-l 60 min-I ). 
of extensin formed, thus weakening the network, and limiting the 
number of cross-links formed, thereby rendering the cell wall 
less rigid, and more able to undergo turgour-driven extension. 
Inhibition of peroxidase 
An initial study in vitro confirmed that HAN a was capable of 
inhibiting a commercially available peroxidase (extracted from 
horseradish - Sigma). With an increase in concentration of 
HANa, there was a corresponding increase in the percentage 
inhibition of peroxidase (results not shown). When assayed, the 
peroxidase activity in extracts made from roots treated with 
HANa was significantly lower than those of the control (Table 
I). HANa, therefore, effectively inhibited peroxidase activity in 
vivo. There were no differences in protein content of the extracts 
(Table 1). The action of HANa can, therefore, be attributed to an 
inhibition of enzyme activity. 
Kinetic studies, both in vitro and in vivo, were conducted in 
order to ascertain the type of peroxidase inhibition involved. The 
initial studies using guaiacol as substrate illustrated the phenom-
enon of substrate inhibition, which, while of interest, made 
graphic representation problematic. Guaiacol was, therefore, 
substituted with o-dianisidine, and the work repeated. The 
direct-linear plot (Eisenthal & Cornish-Bowden 1974) was cho-
sen to represent data (Figures 3, 41. The type of inhibition HANa 
exerted upon peroxidase was clearly that of the uncompetitive 
type, since the point where the lines of the control data points 
intersect, and the point where the lines of the data points of the 
HANa treatment intersect, share neither x nor y co-ordinates i.e. 
both V and Km are altered. Uncompetitive inhibition and sub-
strate inhibition are usually concomitant (Wharton & Eisenthal 
1981). These results contrast with the work of Vaughan and Mal-
colm (1979), who found that the inhibition of wheat root 
peroxidase by soil-derived humates was non-competitive. 
An inverse correlation between plant stature and peroxidase 
activity has been noted in literature, usually related to decreased 
S. Afr. J. Bot. 1999,65(3) 
plasticity_ A direct inverse relationship between growth and per-
oxidase activity was reported (Zheng & Van Huystee 1991). 
These observations suggested a role for peroxidase in the 
regulation of wall loosening. 
Inhibition of 1M-oxidase 
When assayed in vitro, there was a significant inhibition of 
1AA-oxidase activity by HANa (Figure 5). Mato and Mendez 
(1970) , who investigated the effect of soil humic acids on 
fAA-oxidase, suggested a possible mode of action for the inhibi-
tion by soil-derived humates: Phenolic groups are an integral part 
of the humic molecule (Kononova 1966). The inhibition of 
IAA-oxidase by polyphenols has been reported (Stenlid 1963; 
Mato et at 1972), and it appeared that sodium humate exerted its 
contro l by providing an alternative substrate for fAA-oxidase, 
1110re oxidizable than IAA itself(Mato & Mendez 1970). 
IAA inc reases the plasticity of the primary cell wall (Heyn 
1940). It has been suggested that not only does IAA increase the 
extensibility of the cell wall, but also the effective turgor Le. the 
dr iving fo rce behind cell-wall yielding (Nakahori el al. 1991). 
While regulation of the endogenous concentrations of IAA is 
not fully understood, catabolic enzymes such as fAA-oxidase are 
involved. The inhib ition of IAA-oxidase in vitro by HANa sug-
gests a role ill vivo: The inhibition of fAA-oxidase might result in 
elevated levels of IAA . This would have important implications 
for wall- loosening. Loosening is the result of cleavage of 
load-bearing bonds by autolytic enzymes, notably those involv-
ing xyloglucan, pectic fractions and cellulose. Since the synthe-
sis and activity of these enzymes is auxin mediated (Fry 1989; 
Dopico el al. 1990, Potter & Fry 1994) it follows that an increase 
in endogenous IAA would lead to greater wall relaxation, exten-
sion and, therefore, ultimately growth. 
The coal-derived sodium humate molecule is a complex struc-
ture and can, therefore, be expected to be involved in more than 
one reaction type. Since such an important process as the growth 
of a dynamic structure such as the primary cell wall is the result 
of more than one control point, it seems plausible that by inhibit-
ing the hydroxylation of proline, the activity of peroxidase and 
IAA-oxidase, HANa aids the cell wall in undergoing extension. 
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